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Hydrogenation using palladium-based (Pd-based) catalysts has emerged as a 
promising treatment method for nitrate in drinking water. However, low catalytic activity 
and longevity can be a barrier to widespread adoption over conventional treatment 
methods. Controlling catalyst structure at the molecular scale is one approach to improving 
catalytic activity and longevity. Intermetallic palladium-gold nanoparticle (PdAu NP) alloy 
catalysts of varying composition were synthesized for nitrite reduction using a polyol 
reduction method and microwave-assisted heating. The average size of PdAu NPs was 4.1 
± 2.2 nm. Enhanced nitrite reduction has been previously observed for Pd combined with 
Au in a core-shell NP structure, but has not been studied for intermetallic PdAu alloy NPs. 
Moreover, the mechanism by which Au enhances Pd-catalyzed nitrite reduction is not well 
understood. The PdAu NPs were loaded into an amorphous silica support and evaluated 
for nitrite reduction in a batch reactor. Reaction followed pseudo first-order kinetics for 
greater than 80% of conversion. Catalyst activity showed volcano-like behavior with 
varying composition, with the highest activity observed for a Pd:Au molar ratio of 55:45 
 vii 
and a first-order rate constant of 5.77 L min-1 gmetal
-1. All PdAu alloys were significantly 
more active for nitrite reduction compared to pure Pd NPs, despite Au being catalytically 
inactive for hydrogenation. Sulfide fouling and catalyst longevity studies were conducted. 
The presence of Au in the catalyst structure did not appear to enhance resistance to sulfide 
fouling. Moreover, catalyst activity was reduced upon repeated cycles of nitrite reduction. 
Further investigation is required to understand the mechanism for catalyst deactivation.  
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Chapter 1: Introduction 
Nitrate is one of the most ubiquitous groundwater contaminants in the world 
(Kapoor and Viraraghavan, 1997).  It is regulated by the USEPA at a maximum 
contaminant level (MCL) of 10 mg/L as N, due to its adverse health effects. Nitrate is 
known to cause methemoglobinemia (also known as cyanosis or “blue baby syndrome”) in 
infants, a condition where nitrate oxidizes hemoglobin, resulting in inadequate oxygenation 
in the bloodstream (WHO, 2011a; WHO 2011b). Nitrate has also been attributed to the 
occurrence of cancer, as it forms carcinogenic N-nitroso compounds in the human body 
(Weyer et al., 2001).  Groundwater has low levels of naturally occurring nitrate (NO3
-), 
and can have elevated levels due to anthropogenic sources such as nitrogen-containing 
fertilizers, livestock and septic systems (Dubrovsky and Hamilton, 2010; USEPA, 2007). 
Since nitrate is both soluble and mobile, it can leach from soils into groundwater (Nolan 
and Hitt, 2006; ATSDR 2006). 
Shallow, rural, domestic wells are the most susceptible to nitrate contamination, 
particularly those located in agricultural areas (NRC, 1995). Domestic wells are a particular 
concern because they are not regulated by the Federal Safe Drinking Water Act, and are a 
source of drinking water for ~46 million Americans (Dubrovsky and Hamilton, 2010). A 
national analysis of groundwater from 1992 to 2004 by the National Water-Quality 
Assessment (NAWQA) Program of the United States Geological Survey (USGS) found 
that nitrate concentrations exceeded the MCL in about 7% of 2,388 sampled domestic 
wells. A previous NAWQA study reported a nitrate MCL exceedance of 11% in domestic 
wells (Squillace et al., 2002).  
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The most common method for nitrate removal from drinking water is ion exchange. 
Ion exchange resins remove nitrate from water, but once the resin capacity is exhausted, 
they require regeneration with a concentrated brine solution.  This results in a secondary 
waste stream that must be disposed or treated (Clifford and Liu, 1993; Kapoor and 
Viraraghavan, 1997). Brine accounts for the majority of operational and maintenance costs 
in ion-exchange systems (Wang et al., 2011). A 2.5 MGD (million gallons per day) 
drinking water plant requires roughly eight tons of salt per day to maintain the system 
(Choe et al., 2015). The regeneration cost over a 20-year plant life can be more than twice 
that of initial equipment cost (Kapoor and Viraraghavan, 1997). Moreover, the secondary 
brine waste stream raises additional concerns of maintaining environmental regulations if 
disposed into sewers or surface waters (Choe et al., 2015). Hence, ion exchange results in 
high environmental impacts and also high costs.  
Biological and catalytic treatment of nitrate in drinking water are two emerging 
technologies for removing nitrate from drinking water.  The main drawback to biological 
denitrification is that long startup times are required to achieve sufficient biomass growth, 
and this is problematic if treatment is intermittent (Lehman et al., 2008; Ziv-El & Rittmann, 
2009). For catalytic treatment, palladium (Pd), rhodium (Rh) and platinum (Pt) are 
excellent hydrogenation metals and, when used with a promoter metal such as indium (In) 
or copper (Cu), show good nitrate reduction activity (Marchesini et al., 2008; Soares, 
Órfão, & Pereira, 2008; Witońska, Karski, & Gołuchowska, 2007; Pintar et al., 1996).   
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The proposed reaction mechanism for catalytic nitrate reduction is shown below 
(Chaplin et al., 2012). Both a hydrogenation metal and a promoter metal are required for the 
first step of nitrate reduction to nitrite. 
All the remaining steps require only 
the hydrogenation metal. The two end 
products of catalytic nitrate reduction 
are dinitrogen (N2) and ammonia 
(NH3). Pd, combined with either copper (Cu) or indium (In), has been shown to provide the 
most active catalysts for nitrate reduction, and the most selective for N2 (Chaplin et al., 2012).  
Pt or Rh, in place of Pd, shows similar activity, but more selectivity for NH3.  Among the 
promoter metals, In has emerged as the preferred promoter metal, because it is more stable than 
Cu (Chaplin et al., 2007).  Pd and In are typically loaded onto a catalyst support to facilitate 
handling and incorporation into packed-bed reactors, and in some cases, this increases catalytic 
activity. Carbon-based supports such as activated carbon or graphite, and ceramic-based 
supports such as alumina or silica, are common.  Carbon-based supports are reported to have 
higher selectivity for NH3 during nitrite reduction (Chinthaginjala & Lefferts, 2010). Typically, 
N2 is the desired end product, because it is innocuous compared to NH3. However, recovery of 
NH3 could add economic value to the cost of treatment if converted to fertilizer.  
Among the primary challenges to developing an economically and environmentally 
sustainable catalytic treatment technology for nitrate, either for direct water treatment or 
nitrate contaminated brine, are enhancing catalyst activity and longevity (Choe et al., 2015; 
Bergquist et al., 2016).  Efforts to address these challenges have focused on tailoring 
catalyst design at the molecular scale, and include controlling the dispersion of Pd and the 
Figure 1: Proposed nitrate reaction mechanism 
(Chaplin et al., 2012) 
 
Table 1: Analytical and catalytic properties of 
PdAu NPsFigure 2: Proposed nitrate reaction 
mechanism (Chaplin et al., 2012) 
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promoter metal (eg. In, Cu, Sn) on a variety of supports (Marchesini et al., 2008; Garron, 
Lázár, & Epron, 2006), using novel supports with unique electronic properties 
(Chinthaginjala et al., 2010; Shuai et al., 2012), creating shape- and size- controlled Pd 
nanoparticles (NPs) (Shuai et al., 2013), and combining Pd with catalytically inactive 
metals (e.g., Au) to enhance hydrogenation activity (Qian et al., 2014).  Recent efforts in 
the last category have primarily focused on synthesizing highly active core-shell 
nanoparticles (Zhao et al., 2013), where a Pd shell is loaded onto an Au NP core to enhance 
reduction of the intermediate nitrite to dinitrogen.  Wong and co-workers first demonstrated 
enhanced reactivity of Pd-on-Au NPs (compared to pure Pd) for aqueous-phase 
dechlorination reactions (Pretzer et al., 2013; Zhao et al., 2013), and more recently for 
nitrite reduction (Qian et al., 2014). Moreover, the presence of Au in PdAu alloys may 
increase resistance to sulfide poisoning by inhibiting formation of the sulfide phase, Pd4S 
(Venezia et al., 2003). 
An emerging alternative to core-shell NPs is to create intermetallic alloys to 
enhance Pd hydrogenation activity.  While such materials have been examined for gas 
phase reactions (e.g., Chen et al., 2005), they have not been extended to evaluation of 
aqueous phase reactions, including nitrate and nitrite reduction. Alloyed or intermetallic 
structures take advantage of d-band intermixing and ensemble effects between two or more 
metals in order to improve reactivity at the NP surface; the relative amounts of each metal 
can be adjusted for a specific catalytic purpose (Garcia et al., 2014; Liu et al., 2001; Sinfelt, 
1977).  For example, Garcia et al. (2014) alloyed rhodium (Rh) with silver (Ag) and Au to 
produce catalysts that had up to fifteen times higher activity for cyclohexene hydrogenation 
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compared to pure Rh, despite Au and Ag being catalytically inactive for hydrogenation.  
Theoretical modelling showed that this was because the overall reaction energy profile was 
optimized due to d-band intermixing of Rh with Ag and Au. 
The goals of this work are to develop the first highly active PdAu alloy catalyst for 
nitrite reduction, and to determine the mechanisms of this enhancement. A novel 
microwave-assisted synthesis method that allows for much greater control over NP 
structure compared to conventional heating methods was used (Dahal et al., 2012).  NPs 
with Pd:Au ratios from 5:1 to 1:2 were synthesized, and characterized using low and high 
resolution transmission electron microscopy (TEM) and energy-dispersive X-ray 
spectroscopy (EDS). Turn over frequencies (TOF) for nitrite reduction in aqueous media 
were determined from batch experiments and compared to literature results to identify 
mechanisms of rate enhancement.  Catalyst longevity was evaluated by subjecting the most 
active alloy catalyst to sulfide, a known foulant, and to repeated cycles of treatment. 
Deactivation mechanisms were probed with the aforementioned characterization tools.  
 6 
Chapter 2: Experimental Section 
Materials 
Potassium tetrachloropalladate (K2PdCl4, 99%; Strem Chemicals), chloroauric acid 
(HAuCl4, 99.9%; Strem Chemicals), poly(vinylpyrrolidone) ({C6H9NO}n, <Mw> = 58 000; 
Alfa Aesar), ethylene glycol ({CH2OH}2, 99.8%; Fisher Scientific) and sodium 
borohydride (NaBH4, 98%; Alfa Aesar) were used for the microwave-assisted NP synthesis 
reaction.  Pluronic P123 (poly (ethylene glycol), <Mw> = 5 800; Sigma Aldrich), 
hydrochloric acid (12.1 M; Fisher Scientific), n-decane (CH3(CH2)8CH3, 99%; Acros 
Organics), ammonium fluoride (NH4F, 96%, Alfa Aesar), and tetraethyl orthosilicate 
(Si(OC2H5)4, 98%: Alfa Aesar) were used to prepare the amorphous silica support. Sodium 
nitrite (NaNO2, 99%; Sigma Aldrich) was used as the nitrite source in the kinetic 
experiments, while sodium sulfide nonahydrate (Na2S·9H2O, 98%; Sigma Aldrich) was 
used as the sulfide source in the sulfide fouling experiments. Potassium dihydrogen 
phosphate (KH2PO4, 99%; Sigma Aldrich) and potassium hydrogen phosphate (K2HPO4, 
98%; Sigma Aldrich) were used to control pH in the kinetic experiments. H2 gas (99.9%; 
Praxair) was used as the elector donor in kinetic experiments. All solvents and reagents 
were analytical grade, unless stated otherwise.  
 
Catalyst Preparation and Characterization 
The catalysts used in this work were PdxAu100-x alloy NPs supported on an 
amorphous silica support. The variable ‘x’ represents the molar percent of Pd in the alloy, 
and varied from 0 to 100. The NPs were synthesized via a polyol reduction method with 
microwave-assisted heating, using previously published methods (Garcia et al.,2014; 
Garcia et al., 2013; Dahal et al.,2012). Advantages of using microwave-assisted heating 
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include the production of nanosized “hotspots” in solution that are considered to be much 
hotter than the temperature of the bulk solvent (Dahal et al., 2012).  These hotspots are 
favorable zones for NP nucleation, producing highly homogenous and crystalline nucleates 
(Garcia et al., 2014). 
For NP synthesis, a solution of excess PVP (poly(vinylpyrrolidone); 225 mg) in 
ethylene glycol (15 ml) was first heated to 150°C via microwave-assisted heating (MwH) under 
vigorous magnetic-stirring.  A MARS 5 (CEM Corp.) microwave system with a maximum 
power of 1600 W (2.45 GHz) was used, and the temperature was controlled via a fiber-
optic temperature sensor (RTP300+).  Ethylene glycol served as both the reaction medium 
and reductant, and PVP served as a stabilizer. Sodium borohydride (5.6 equivalents per Au) 
was employed as a secondary reductant for Au(III) and was added along with the ethylene 
glycol and PVP. The metal precursors (K2PdCl4 and HAuCl4 for Pd and Au respectively) 
were prepared in a separate solution of 2.5 ml ethylene glycol, and added to the hot solvent 
with a syringe pump at 300 ml/min. The amount of metal precursors was selected based on 
the desired stoichiometric ratio of Pd:Au in each reaction, with the total metal content kept 
constant at 0.1 mmol. After a 5 min reaction under continuous MwH at 150°C, the reaction 
flask (50 ml round bottom flask, attached to a water-based reflux condenser) was 
submerged in an ice-water bath to quench the reaction. After cooling, the NPs were 
precipitated by the addition of acetone (72.5ml) and isolated by centrifugation (5500 rpm, 
5 min). The supernatant was poured off, and the remaining solid was washed with ethanol 
(15 ml) using sonication (1 min). Hexane was added (75 ml) to the ethanol-NP suspension, 
followed by another round of centrifugation. After pouring off the supernatant, the NPs 
were allowed to air-dry overnight. 
Amorphous silica (SiO2) support was prepared similarly to a previously reported 
method (Dahal, Ibarra & Humphrey, 2012). Briefly, Pluronic P123 (2.40 g) was stirred into 
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HCl (85 ml; 1.03 M) solution, followed by n-decane (25 ml; 87.2 mmol), which served as 
a swelling agent. After stirring for 1-2 hours, ammonium fluoride catalyst (0.028 g; 0.76 
mmol) and tetraethyl orthosilicate (5.6 ml; 25.2 mmol) were added. The stirring was 
continued for another 24 hours at 40°C. The resulting opaque slurry was decanted into a 
bottle, heated at 100°C for 48 hours, and then filtered. Excess surfactant was removed by 
washing with ethanol, followed by calcination at 550°C for 5 hours. The Pd:Au NPs were 
loaded into the silica support through impregnation in 1:1 ethanol-water suspensions, 
followed by oven-drying at 70°C for 12 hours. When loading the NPs into the support, the 
mass ratio of support to NP was 7.5:1, to obtain metal mass loadings of 0.7-1.8%.  
 
Analytical Methods 
Nitrite concentrations were analyzed by ion chromatography (Dionex ICS-2100; 
Dionex IonPac AS19 column; 32mM KOH eluent; 1 mL/min eluent flow rate). Ammonia 
concentrations were measured with Hach colorimetric kits (Salicylate method; 0.02 to 2.50 
mg/L NH3-N). Metal loading and elemental analyses of the supported catalysts were 
determined by ICP-OES (Agilent; Varian 710).   Samples were prepared for ICP-OES by 
digesting 5 mg of catalyst in 10 ml aqua regia. After 12 hours of dissolution, the aqua regia 
was boiled off to <5ml to ensure complete digestion of metals. The solution was filtered to 
remove the silica support and diluted with 2% HCl acid before analysis.  The measurement 
of pH and temperature was performed with a temperature-adjusted pH electrode 
(Radiometer Analytical; PHC3081-8). 
Average NP size was measured from low-resolution Transmission Electron 
Microscopy (TEM) images (FEI Technai, 80kV) of at least 300 particles.  TEM grids 
(Formvar/carbon 200 mesh, copper; Ted Pella) were prepared by drop-casting ethanol 
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suspensions of catalyst onto the grid, which was then air-dried.  High-resolution TEM 
(HRTEM) images were obtained using a JEOL 2010F transmission electron micro- scope, 
operated at 200 keV. 
  
Kinetic Experiments 
Nitrite reduction experiments lasted 2.5 hours and were conducted at constant 
temperature (22±1oC) and atmospheric pressure under magnetic stirring in a septum-sealed 
glass batch reactor (60 ml). The reaction medium contained phosphate buffer (40 ml) 
amended with the prepared catalyst (0.5 g/L). The phosphate buffer maintained a pH of 
6.4. The suspension was pre-sparged with hydrogen for one hour to saturate the water and 
headspace, and then the reaction was initiated with a 100μl aliquot addition of 0.87M nitrite 
for an initial concentration of 100 mg/L as NO2
-. Samples were taken at regular time 
intervals for analysis; the total sample volume removed was ≤10% of total solution volume. 
Since the catalyst suspension was homogenous in the reactor, it was assumed that the 
catalyst concentration in the reactor remained approximately constant.   
The kinetic experiments for sulfide fouling were performed in a similar method. 
However, Na2S(9H2O) was added and allowed to mix with the catalyst for 1 hr before 
sparging the catalyst-amended reaction medium with H2, and then amending with the 
aliquot of concentrated nitrite solution to initiate reaction.  A loading of 1.2 mmol S/g Pd 
was targeted, because this amount of sulfide resulted in intermediate but not complete 
catalyst fouling of a monometallic Pd catalyst in prior work (Chaplin et al., 2007).  
Catalyst longevity was evaluated by conducting five sequential nitrite reduction 
experiments with the same catalyst. At the end of each reduction reaction experiment, the 
catalyst-amended solution was re-sparged with H2 for an hour, and then amended with a 
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new aliquot of nitrite (100 mg/L) solution. As before, it was assumed that the catalyst 
concentration in the reactor remained approximately constant because samples were 
removed from a well-mixed reactor (i.e., catalyst mixed well with solution). Triplicate 
experiments were performed for each unique catalyst composition. Sulfide fouling and 




Nitrite reduction followed pseudo first-order kinetics for greater than 80% of initial 
nitrite concentration removal. Observed first-order rate constants normalized by metal 
concentration for each catalyst were obtained from linear regressions of the natural log of 









) =𝑘𝑜𝑏𝑠𝐶𝑁𝑂2−       (Eq. 1) 
Where CNO2
- represents the aqueous nitrite concentration (mg NO2
-
/L), Cmet 
represents the concentration of metal in the catalyst (gmet/L), and kobs is the observed first-
order rate constant normalized by metal concentration (L gmet
-1 min-1).  The first-order 
kinetic model was used in lieu of more complicated rate expressions to facilitate 
comparison with literature values.   




Chapter 3: Results and Discussion 
Catalyst Characterization and Performance 
The theoretical and measured ratios of Pd:Au for each of the synthesized catalysts 
are shown in Table 1.  The results show that the Pd:Au molar ratios from ICP-OES agreed 
well with the theoretical values. The alloys were consistently more Pd-rich than the 
intended Pd atomic %; the maximum percent difference between target Pd atomic % and 
measured values is 12%. The metal mass loading obtained on the silica supports ranged 
from 0.7-1.8% by weight. 
The average size of PdAu NPs was 4.1 ± 2.2 nm, and the sizes obtained at each 
composition are listed in Table 1. TEM images of the NPs show well-defined structures, 
which are near mono-disperse (Figure 2). Particles became smaller, and more uniform as 
the Au content increases up to 45 at%, with a smaller spread of particle sizes.  Above 45 
at%, NP sizes increases with Au content. Pd-rich particles had a greater tendency to 
aggregate, indicating that Au plays a role in the stabilization of the NPs.  
Table 2: Analytical and catalytic properties of PdAu NPs 
 
 





Figure 2: Size histograms of PdAu NPs with representative TEM images (inset; scale 





Figure 2: Size histograms of PdAuNPs with representative TEM images (inset; scale 
bars = 50nm) 
 
 
Figure 3: (A) High-resolution TEM image and (B) elemental mapping of Pd50Au50 
NP
 




A high resolution TEM image 
of an individual unsupported Pd50Au50 
NP is provided in Figure 3A. The 
corresponding elemental mapping of 
an unsupported Pd50Au50 NP indicates 
uniform alloying between Pd and Au, 
with no discernable segregation of Pd 
and Au (Figure 3B). 
A representative nitrite 
reduction profile of the Pd50Au50/SiO2 
catalyst is shown in Figure 4A. Pseudo 
first-order kinetics is observed for the 
first 80% of reduction. Apparent first-
order rate constants were determined 
from nitrite reduction profiles, and they are plotted versus Pd:Au ratios in Figure 4B. The 
catalyst activity shows volcano-like behavior, with the highest activity observed for the 
 
Figure 4: (A) Nitrite reduction profile for 
Pd50Au50/SiO2 catalyst (B) Metal mass 
normalized first-order rate constants at 
different Pd:Au ratios based on elemental 
analysis in ICP-OES 
 
Table 4: Comparison of results with previous 
studies on nitrite reduction
 
Figure 4: (A) Nitrite reduction profile for 
Pd50Au50/SiO2 catalyst (B) Metal mass 
normalized first-order rate constants at 
different Pd:Au ratios based on elemental 
analysis in ICP-OES 
Table 2: Comparison of results with previous studies on nitrite reduction 
 
 
Table 3: N2 selectivity at >85% conversionTable 5: Comparison of results with 
previous studies on nitrite reduction 
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Pd50Au50/SiO2 with a Pd:Au molar ratio of 55:45, and no activity observed for the Au only 
catalyst. The corresponding rate constant for the Pd50Au50/SiO2 catalyst is 5.77 L min
-1 gmet
-
1. All PdAu alloys were significantly more active for nitrite reduction compared to pure Pd 
NPs, despite Au being catalytically inactive for hydrogenation. It is interesting to note the 
correlation of particle size and mono-dispersity with catalyst activity; highest activity was 
obtained for the catalyst with smallest NP size (Pd50Au50/SiO2). 
The metal normalized first-order rate constant for the Pd50Au50-SiO2 catalyst is 
compared to literature values in Table 2. Most values are similar to this study, even though 
a variety of catalyst types are represented.  These include an unsupported Pd-Cu alloy 
catalyst (Guy et al., 2009), a commercial Pd/γ-Al2O3 catalyst (Shuai et al., 2010), and a Pd-
In/γ-Al2O3 catalyst prepared by incipient wetness. The exception is the rate constant 
determined using an unsupported NP catalyst comprised of an Au core decorated by a Pd 
shell (Qian et al., 2014).  This rate constant is an order of magnitude higher than all other 
studies, including ours.   
Nitrite reduction selectivity for N2 was measured and 
results are shown in Table 3.  For all Pd:Au alloy 
combinations, and for the pure Pd, N2 selectivity was greater 
than 98%.  This was similar to previously reported values for 
nitrite reduction using Pd-based catalysts (Qian et al., 2014; 
Guy et al., 2009).  
 
Table 3: N2 selectivity 
at >85% conversion 
 
 
Table 3: N2 selectivity 
at >85% conversion 
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Sulfide Fouling and Longevity Experiments 
 Nitrite reduction 
in the presence and 
absence of sulfide was 
measured on the 
Pd50Au50/SiO2 and Pd/ 
SiO2 catalyst, and results 
are shown in Figure 5. 
Apparent first-order rate 
constants are shown in the 
inset.  The activity of the 
sulfide-fouled 
Pd50Au50/SiO2 catalyst 
was reduced to 44% of that 
on the fresh catalyst. The 
deactivation of the sulfide-
fouled Pd/SiO2 catalyst 
was similar, and its activity 
was reduced to 54% of that 
on the fresh catalyst.  We 
did not observe increased 
resistance to sulfide 
poisoning due to the 
presence of Au, in contrast 
to Venezia et al. (2003). 
 
Figure 5: Nitrate reduction activity of sulfide-fouled 





Figure 6: Activity after repeated cycles of nitrite 






Further investigation is needed to determine if sulfide is only bound to Pd, or if sulfide 
bound to Au is decreasing catalyst activity. 
Nitrite reduction was measured using the Pd50Au50/SiO2 catalyst over five 
sequential cycles, where fresh nitrite was amended to solution at the start of each cycle to 
obtain the same initial nitrite concentration (Figure 6).   Apparent first-order rate constants 
determined for each cycle are shown in the inset.   A reduction in activity is apparent from 
the nitrite reduction profiles, and from the first-order rate constants.  By the third cycle, the 
catalyst had only 35% of its original activity, and by the fifth cycle this had reduced to 
20%. The reason for deactivation is not clear, and is currently under investigation. It is 
hypothesized that alloy segregation occurred, with the surface becoming more Au-rich, 










Chapter 4: Conclusions and Future Work 
Silica-supported PdAu alloy NPs were significantly more active for nitrite 
reduction compared to pure silica-supported Pd NPs, despite Au being catalytically inactive 
for hydrogenation. The best catalyst activity was achieved at a Pd:Au molar ratio of 55:45, 
which is close to the optimum ratios obtained for PdAu-catalyzed cyclohexene 
hydrogenation in previous work (Kunal et al., 2016, submitted). Surprisingly, catalyst 
activity decreased in the presence of sulfide and over repeated cycles of treatment.   It is 
possible that restructuring of the PdAu alloy occurred under reaction conditions, with 
migration of Au to the surface, reducing the number of active Pd sites. The possible 
restructuring or segregation of the PdAu alloy under reaction conditions is currently under 
investigation.  
While this project focused on gaining better mechanistic insights into the 
enhancement of Pd-catalyzed nitrite hydrogenation reactions when it is alloyed with Au, 
the ultimate objective is to create highly active catalysts for nitrate reduction, which 
requires a promoter metal. The promoter metal can be substituted into the metal alloy or 
added to the support as separate discrete NPs. There is also the possibility of using a 
promoter metal as a support (eg. indium (III) oxide) and decorating it with Pd or PdAu 
NPs. Exploring different ways to incorporate the promoter metal will be another aspect of 
our future work. 
Finally, we will be using DFT to model optimum alloy compositions for 
nitrate/nitrite hydrogenation and compare with experimental results from our study. DFT 
can be used to calculate the d-band center of different metal alloy compositions, and, in 
theory, the composition of metals can be tuned to optimize the binding energy at the metal-
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metal interface for different adsorbates in order to develop novel catalyst materials (Garcia 
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